
date: December 1, 1971  

to: D i s t r i b u t i o n  

from: D. A. D e  Graaf 

955 L'Enfant Plaza North, S.W. 
Washington, D. C. 20024 

B 7 1  12003 

subiect: Ground Track P r e d i c t a b i l i t y  fo r  Skylab - Case 610 

ABSTRACT 

I n s e r t i o n  errors, t r ack ing  measurement errors, and 
random v a r i a t i o n s  i n  drag can a l l  cause t h e  Skylab o r b i t  
h e i g h t  t o  be d i f f e r e n t  than expected, which i n  t u r n  changes 
the o r b i t  per iod  and s h i f t s  t h e  o r b i t  groclnd t r a c k  i n  longi -  
tude.  
i n t r i c a t e  p l ans  f o r  schedul ing EREP data- tak ing  among o t h e r  
Skylab a c t i v i t i e s ,  i t  is important t o  know t h e  p r e d i c t i o n  
accuracy. 

S ince  unexpected ground track d e v i a t i o n s  can u p s e t  t h e  

Ground t r a c k  unce r t a in ty  i s  shown g r a p h i c a l l y  vs.  
p r e d i c t i o n  t i m e  f o r  errors i n  semi-major axis  due t o  i n s e r -  
t i o n ,  measurement, and drag.  I n s e r t i o n  error completely 
dominates t h e  o t h e r s  throughout t h e  mission,  so much so, i n  
f ac t ,  t h a t  p r e - f l i g h t  p r e d i c t i o n s  of EREP f ie ld-of-view 
coverage w i l l  be s u b s t a n t i a l l y  i n a c c u r a t e  beyond t h e  second 
day of t h e  mission.  

R e a l  t i m e  p red ic t ions  based o n  t r a c k i n g  data  w i l l  
be good f o r  about twenty days. 

I f  it were decided t o  f o r c e  t h e  o r b i t  t o  behave 
nominally by j u d i c i o u s  a p p l i c a t i o n  of  RCS t h r u s t ,  t h e  
i n s e r t i o n  d i s p e r s i o n s  could be e l imina ted  e a r l y  i n  t h e  
SL-2 mission.  Thereafter, t h e  accumulated effect  of  d rag  
v a r i a t i o n  would call for  t r i m  burns no more o f t e n  than  
every twenty days.  
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For planning Ear th  Resources Experiment a c t i v i t i e s  
i n  t h e  Skylab mission,  both p r e - f l i g h t  and i n  r e a l  t i m e ,  i t  
i s  good t o  have an  i d e a  of how a c c u r a t e l y  t he  ground t r a c k  
c a n  be p red ic t ed .  I f  w e  examine each of t h e  s i x  o r b i t a l  
elements t o  see what e f f e c t  a smal l  d e v i a t i o n  from nominal 
has on t h e  o r b i t  ground t rack,  w e  f i n d  t h a t  only a ,  t h e  s e m i -  
major a x i s ,  has a s e c u l a r  e f f e c t  which produces a d e v i a t i o n  
t h a t  grows with t i m e .  
d e v i a t i o n s  from t h e  nominal t r ack  which are s m a l l  enough t o  
be ignored.  

A l l  the  others produce only  c y c l i c  

The parameter a a f f e c t s  t h e  ground t r a c k  b a s i c a l l y  
by a l t e r i n g  t h e  o r b i t  pe r iod ,  a l lowing t h e  e a r t h  t o  r o t a t e  
a d i f f e r e n t  amount between s p a c e c r a f t  equa tor  c ros s ings .  The 
o r b i t  h e i g h t  a l s o  a f f e c t s  t h e  ra te  of p recess ion  of t h e  o r b i t  
i n  i n e r t i a l  space,  b u t  t h i s  i s  a very much smaller e f f e c t .  

The va lue  of a can be i n  e r r o r  from t h r e e  causes :  
i n s e r t i o n  e r r o r s ,  measurement error,  and drag  u n p r e d i c t a b i l i t y .  
I n s e r t i o n  e r r o r  causes  t h e  a c t u a l  t r a j e c t o r y  t o  be s l i g h t l y  
d i f f e r e n t  from t h e  pre-planned one. This error i n  a ,  main- 
t a i n e d  cons t an t  over  t h e  p red ic t ion  t i m e ,  produces a cont inu-  
ous ly  growing e r r o r  i n  phase angle .  Measurement e r r o r  has a 
s i m i l a r  e f f e c t .  A f t e r  t h e  o r b i t  i s  e s t a b l i s h e d ,  t r a c k i n g  
data can be processed t o  determine t h e  va lue  of a t o  much 
bet ter  accuracy,  bu t  t h e  s m a l l  cons t an t  r e s i d u a l  e r r o r  w i l l  
s t i l l  cause t h e  a c t u a l  t r a j e c t o r y  t o  d iverge  from t h e  computed 
t r a j e c t o r y .  The d rag  error causes t h e  o r b i t  t o  decay f a s t e r  
o r  s lower than  nominal, depending on random f l u c t u a t i o n s  i n  
solar  a c t i v i t y .  This  causes  t h e  va lue  of a t o  d ive rge  from 
t h e  nominal decay p r o f i l e  even i f  t h e  i n i t i a l  va lue  were 
e x a c t l y  known. To e s t i m a t e  t h e  p o t e n t i a l  l i m i t s  of t h i s  
random v a r i a t i o n  w e  have kept t h e  drag c o n s t a n t  a t  t h e  2a 
high  va lue  and 2a low value  and compared t h e  r e s u l t i n g  
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a l t i t u d e  decay wi th  nominal i n  F igure  1. I t  i s  apparent  
t h a t  t h e  whole drag decay e f f e c t  i s  q u i t e  s m a l l  and t h a t  
t h e  e x t r a  v a r i a t i o n  due t o  +2a drag  i n c r e a s e s  approximately 
l i n e a r l y  w i t h  t i m e  a t  t h e  e x t r a  ra te  of about  1 . 3  nm i n  
200  days.  

The nodal per iod  of t h e  o r b i t  can be w r i t t e n  as 

which inc ludes  t h e  dominant p e r t u r b a t i o n  of ea r th ' s  oblate- 
ness .  For t h e  very small  changes, h a ,  t h a t  concern us ,  t h e  
J2 t e r m  can be neglec ted  i n  t h e  d i f f e rence  equat ion:  

Aa 
A T  = 3 / 2  rN a . N 

A f t e r  M o r b i t s ,  t h e  t i m e  of a r r i v a l  a t  t h e  node d i f f e r s  from 
nominal by t h e  sum o r  i n t e g r a l  of  AT^ over  a l l  M o r b i t s :  

where Aa i s  either a cons tan t  f o r  an i n i t i a l  cond i t ion  e r r o r ,  
o r  a l i n e a r  func t ion  of M r e f l e c t i n g  drag  v a r i a t i o n .  There- 
fore  ATM w i l l  i nc rease  wi th  t h e  f i r s t  power of M f o r  i n s e r t i o n ,  or 
measurement e r r o r s ;  and w i t h  t h e  second power of M f o r  drag  
error. 

Q u a n t i t a t i v e  r e s u l t s  are p l o t t e d  on log-log scales 
i n  F igure  2 ,  showing t h e  unce r t a in ty  i n  nodal a r r i v a l  t i m e  vs .  
t h e  number of o r b i t s  over w h i c h  t h e  p r e d i c t i o n  is  made. A 
r e p r e s e n t a t i v e  3a i n s e r t i o n  error of 1. nm, a 3a measurement 
error of . 0 4  nm, and t h e  2 a  (cont inuous ly)  high d rag  cases 
are compared. These va lues  for i n s e r t i o n  error and measure- 
ment error w e r e  e x t r a c t e d  from References 1 and 2. 
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From t h e s e  curves i t  i s  clear t h a t  t h e  t r a j e c t o r y  
v a r i a t i o n  from t h e  pre-launch nominal w i l l  be completely 
dominated by t h e  i n s e r t i o n  e r r o r .  
months a f t e r  i n s e r t i o n  w i l l  t h e  d rag  d i s p e r s i o n  grow as 
l a r g e .  However, t h e  d i spe r s ions  are r e a l l y  q u i t e  smal l  i n  
magnitude. I t  t akes  1 2 0 0  r evo lu t ions ,  or about  83 days,  f o r  
t h e  3a d i s p e r s i o n  t o  reach 46 min, o r  h a l f  t h e  o r b i t  per iod .  

Not u n t i l  more than  e i g h t  

A f t e r  t h e  o r b i t  i s  e s t a b l i s h e d ,  t r a c k i n g  measure- 
ments can be used t o  o b t a i n  a much m o r e  a c c u r a t e  p r e d i c t i o n .  
Assuming t h e  t r a c k i n g  d a t a  can be processed t o  determine a 
t o  t h e  s t a t e d  3a accuracy of  . 04  nm, t h e  measurement error 
w i l l  dominate t h e  o r b i t  unce r t a in ty  f o r  t h e  f i r s t  165 o r b i t s ,  
b u t  beyond t h a t ,  drag v a r i a t i o n  w i l l  dominate. 

The geographic longi tude of t h e  ascending node A N  

i s  d i r e c t l y  r e l a t e d  t o  t h e  t i m e  a t  t h e  ascending node due t o  
t h e  e a r t h ' s  r o t a t i o n .  
depends on t h e  s a m e  parameters. (Only t h e  v e r t i c a l  s c a l e  i s  
changed, r e f l e c t i n g  t h e  r e l a t i o n  between t i m e  and long i tude  
a t  t h e  node. ) 

Figure 3 shows how A N  u n c e r t a i n t y  

is  t h e  key parameter t h a t  d e f i n e s  t h e  geographic  A N  
p a t h  of t h e  ground t r a c k  f o r  t h e  ensuing o r b i t .  A t y p i c a l  
EREP experiment,  S190, uses cameras wi th  a f ie ld-of-view 86 nm 
across. A t  t h e  equator  t h i s  spans 2.23' of l ong i tude ,  so it 
s e e m s  reasonable  t o  r e q u i r e  a p r e d i c t i o n  accuracy of 1 0 %  or 
0.223" t o  ensure  t h e  view w i l l  be s u b s t a n t i a l l y  what was 
expected. The i n s e r t i o n  e r r o r  curve shows t h i s  accuracy can 
be m e t  only f o r  t h e  f i r s t  2 4  o r b i t s  of t h e  mission;  a f t e r  
t h a t  a l l  t h e  pre-launch p red ic t ions  of ground t r a c k  w i l l  be 
e s s e n t i a l l y  wor th l e s s  for  desc r ib ing  t h e  experiment f i e l d - o f -  
view on each pass .  

On t h e  o t h e r  hand, once t h e  o r b i t  i s  e s t a b l i s h e d  
and measured by r a d a r ,  p red ic t ions  of t h i s  q u a l i t y  can  be 
s a f e l y  made f o r  310 o r b i t s  ( 2 0  d a y s ) .  Since p r e d i c t i o n s  
over  t h a t  span are dominated by d rag  e r r o r ,  improvements i n  
radar q u a l i t y  wouldn ' t  help.  

and measurement accuracy sugges ts  t h a t  it would be very 
worthwhile t o  t r y  t o  c o n t r o l  t h e  o r b i t  h e i g h t  by us ing  t h e  
RCS propuls ion  t o  t r i m  o u t  d i s p e r s i o n s  from nominal. S ince  
t h e  h e i g h t  corrections are very s m a l l ,  it should be p o s s i b l e  
t o  a t t a i n  a d e s i r e d  va lue  of a t o  s u b s t a n t i a l l y  t h e  same 
accuracy as t h e  r ada r  can measure it. Thus, t h e  o r b i t  could  

The g r e a t  d i f f e r e n c e  between i n s e r t i o n  accuracy 
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be forced to nominal conditions within the first few days 
of SL-2. Once established, additional corrections would 
only be required at intervals when a drag error had caused 
deviations that were significant to the EREP experiments. 
As the curve shows, this interval would be no shorter than 
310 orbits (20 days). 

10 2 5-DAD- li D. A. De Graaf v 
Attachments 
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